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We present a systematic study of the magnetic properties of L10 binary alloys FeNi, CoNi, MnAl
and MnGa via two different density functional theory approaches. Our calculations show large
magnetocrystalline anisotropies in the order 1 MJ/m3 or higher for CoNi, MnAl and MnGa while
FeNi shows a somewhat lower value in the range 0.48 − 0.77 MJ/m3. Saturation magnetization
values of 1.3 MA/m, 1.0 MA/m, 0.8 MA/m and 0.9 MA/m are obtained for FeNi, CoNi, MnAl
and MnGa respectively. Curie temperatures are evaluated via Monte Carlo simulations and show
TC = 916 K and TC = 1130 K for FeNi and CoNi respectively. For Mn-based compounds Mn-rich
off-stoichiometric compositions are found to be important for the stability of a ferro or ferrimagnetic
ground state with TC greater than 600 K. The effect of substitutional disorder is studied and found
to decrease both magnetocrystalline anisotropies and Curie temperatures in FeNi and CoNi.
Materials exhibiting a large saturation magnetization
(Ms), high Curie temperature (TC), as well as large mag-
netic anisotropy energy (MAE), are of great technological
importance in a wide range of permanent magnet appli-
cations, from electric motors and generators to magnetic
storage devices. L10 ordering of binary compounds is
known to be able to significantly increase MAE relative
to the disordered state and for certain materials, such
as FePt, an enormous MAE in the order of 5 MJ/m
3
is observed1–4. Large values for Ms and TC can be ob-
tained with cheap and abundant materials such as bcc
Fe, while achieving large MAE is a challenge. Typically,
large values of the MAE are obtained for materials con-
taining heavy elements, such as platinum or rare-earths,
providing strong spin-orbit coupling. Such elements are
often scarcely available and thus expensive. Finding new
materials, with large MAE, made from cheap and readily
available elements is therefore a task of great technologi-
cal importance. Certain L10 ordered binary compounds,
such as FeNi1,5–9, CoNi10, MnAl11–14 and MnGa15, have
been reported to exhibit large MAE without containing
platinum or rare-earths, making them potentially inter-
esting candidates for permanent magnet materials.
In this work, a thorough investigation is done into the
electronic structure and magnetic properties of L10 struc-
tured binary compounds FeNi, CoNi, MnAl and MnGa.
To the best of our knowledge, first principles all-electron
electronic structure calculations including full-potential
effects have not been presented in the literature for all
these compounds yet. Furthermore, all three of the im-
portant permanent magnet properties Ms, TC and MAE
are adressed for all of the compounds. In addition to
this, substitutional disorder and off-stoichiometric com-
positions are investigated.
Three different computational methods were utilized
in the calculations behind this work. First, two den-
sity functional theory (DFT) implementations, namely
full-potential all-electron code WIEN2k16 with linearized
augmented plane wave basis functions and the Mu-
nich spin polarized relativistic Korringa-Kohn-Rostoker
(SPR-KKR) package17,18 were used, both with the
generalized gradient approximation19 for the exchange-
Figure 1: Two different unit cells of the L10 structure.
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correlation potential, to calculate ground state proper-
ties of the investigated systems. Later, Monte Carlo
(MC) simulations of the Heisenberg hamiltonian were
performed, using the Uppsala Atomistic Spin Dynam-
ics (UppASD)20 method, with exchange parameters cal-
culated, via the method of Liechtenstein et al.21,22, in
SPR-KKR. Results of these calculations are shown in Ta-
ble I. The L10 structure can be described by either a bct
or fct-like unit cell as illustrated in Fig. 1. The smaller
bct-like unit cell is used as input for calculations, as it
allows lower computational cost due to a smaller basis,
while Table I contains lattice parameters describing the
fct-like cell, as it is commonly used and gives a c/a-ratio
better describing the deviation from a cubic structure.
The lattice parameters were evaluated by total energy
minimization in WIEN2k and used as input for all fur-
ther calculations. In the case of MnGa a double mini-
mum is observed in the total energy as function of c
a
as
shown in Fig. 2. The data for MnGa shown in Table I
is for the more stable structure, with larger c
a
, which
shows a rather large uniaxial MAE, in contrast to the
structure in the local minimum, which reveals a smaller
in-plane anisotropy. The MAE was evaluated using the
torque method18,23 in SPR-KKR and total energy differ-
ence calculations in WIEN2k. 160000 k-vectors and 40
energy points were used in SPR-KKR and basis functions
up to l = 3 were included. In WIEN2k, 20000 or more
k-vectors were used, the smallest muffin-tin radius times
maximum k-vector was set to RMTKmax = 9 or higher
and Brillouin-zone integration was performed using the
2modified tetrahedron method24.
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Figure 2: Difference in total energy and total energy of
the equilibrium structure as function of c
a
, varied under
constant volume, for MnGa.
Magnetocrystalline anisotropy is a relativistic phe-
nomenon due to the spin-orbit coupling (SOC). The two
DFT methods used differ in the way they take relativistic
effects, in general, and SOC, in particular, into account.
WIEN2k does a fully relativistic treatment of the core
electrons but a scalar relativistic approximation for the
valence electrons with SOC included as a perturbation25.
This should be a very accurate method for 3d metals and
has been shown to yield good results even for significantly
heavier elements26,27. The SPR-KKR method, on the
other hand, deals with relativistic effects in all electrons
via a fully relativistic four component Dirac formalism18.
The data in Table I show a good agreement between
SPR-KKR and WIEN2k, although there is some minor
disagreement in the MAE where SPR-KKR consistently
yields a larger value. There are a number of reasons
which can contribute to the difference in the MAE found
from the two methods. One of the main possible rea-
sons is that we did not take full-potential effects into
account in the SPR-KKR calculations. Other reasons in-
clude that, as mentioned, relativistic effects are treated
differently and also different basis functions are used to
describe the Kohn-Sham orbitals. Furthermore, MAEs
are typically relatively small energies orders of magni-
tude smaller than, for example, cohesive energies and
hence difficult to obtain numerically with high accu-
racy. In view of this, the agreement between the two
methods can be considered very good. The MAE has
previously been calculated to 0.5 MJ/m
3
, 1.0 MJ/m
3
,
1.5 MJ/m3 and 2.6 MJ/m3 for FeNi, CoNi, MnAl and
MnGa, respectively5,12,15,28, consistent with the results
presented here. Table I also contains experimental val-
ues for MAE, where available, for comparison. For CoNi
and MnAl we see that the theoretical MAEs, both from
SPR-KKR and WIEN2k are higher than reported exper-
imental values. This is expected as experimental samples
typically do not have perfect ordering and experiments
are done at finite temperatures, factors which are known
to reduce MAE1,2. However, in the case of FeNi theo-
retical and experimental values are of similar magnitude
even though perfectly ordered samples have not been syn-
thesized. This might indicate that the theoretical values
presented here are too low, possibly because these calcu-
lations ignore orbital polarisation corrections which have
been reported to significantly increase MAE in FeNi3,5.
Exchange parameters, Jij , were calculated in SPR-
KKR and Fig. 3 shows how these vary with atomic dis-
tances for FeNi and CoNi. The Jij can be seen to de-
crease approximately as R−3, as one would expect for
metals with RKKY-type exchange interactions. These
exchange parameters were used to calculate the Curie
temperatures, presented in Table I, via mean field the-
ory (MFT) as well as MC simulations. MC Curie tem-
peratures in the thermodynamic limit were evaluated by
finite size scaling using the Binder cumulant method30.
As expected, MFT overestimates TC compared to MC
by around 20%. Both Curie temperatures of 916 K and
1130 K for FeNi and CoNi are very high, which is suitable
for permanent magnet applications. An MFT estimate of
TC has previously been done to 1000± 200 K
31 for FeNi
which is consistent with results presented here. The Jij
are particularly large for Fe-Fe and Co-Co interactions,
indicating that these elements contribute significantly to
providing a high TC to the materials.
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Figure 3: Atomic distance dependence of exchange
parameters Jij .
Real samples of L10 alloys do not exhibit perfect or-
dering and, for example, FeNi samples have been re-
ported with long-range chemical order parameter around
S = 0.488 (S describes the fraction of atoms on the cor-
rect sublattice as P = 1
2
(1+S)). Disorder has been found
to be important and have a negative effect on the MAE
of FeNi as well as a number of other L10 materials
1 and
could also significantly affect TC. Table II shows the ef-
fect of some substitutional disorder on the MAE and TC
of FeNi and CoNi. Calculations were perfomed on sys-
tems with one atomic position occupied by X1−ηNiη and
the other one by XηNi1−η, with X=Fe or Co and η up to
η = 10%. Disorder was treated using the coherent poten-
tial approximation (CPA)32 in SPR-KKR. The data show
how disorder causes a similar reduction of MAE, also in
CoNi, as it does in FeNi and other L10 alloys. Also the
TC of both FeNi and CoNi show a clear decrease with
increasing disorder, although they still remain at high
temperatures, well above room temperature.
It was recently suggested, based on experimental ob-
servations, that increasing the Fe-content in FeNi to
Fe1.2Ni0.8 can increase MAE by around 30%
33. SPR-
KKR-CPA calculations failed to reproduce this result
and rather indicated a reduction of MAE by around 10%
to MAE = 98 µeV/f.u. in such a composition. Similarly,
3Quantity FeNi CoNi MnAl MnGa Mn1.14Al0.86 Mn1.2Ga0.8
a (Å) 3.56 3.49 3.89 3.83 3.89 3.83
c (Å) 3.58 3.60 3.49 3.69 3.49 3.69
mW2kX (µB) 2.69 1.77 2.33 2.56 - -
mkkrX (µB) 2.73 1.75 2.49 2.74 2.54/-3.41 2.69/-3.40
mW2kY (µB) 0.67 0.71 -0.04 -0.08 - -
mkkrY (µB) 0.62 0.68 -0.09 -0.12 -0.10 -0.12
mW2ktot (MA/m) 1.33 1.01 0.82 0.86 - -
mkkrtot (MA/m) 1.37 1.03 0.84 0.90 0.69 0.66
EW2kMAE (µeV/f.u.) 68.7 135.1 275.1 378.2 - -
EkkrMAE (µeV/f.u.) 110.3 184.7 320.8 385.7 360.2 428.8
EW2kMAE (MJ/m
3) 0.48 0.99 1.67 2.24 - -
EkkrMAE (MJ/m
3) 0.77 1.35 1.95 2.28 2.18 2.54
EexpMAE (MJ/m
3) 0.5829 0.5410 1.3713 - - -
TMFTC (K) 1107 1383 - 107 - -
TMCC (K) 916 1130 - 80 670 690
Table I: Lattice parameters calculated using WIEN2k, magnetic moments and magnetic anisotropies calculated
using WIEN2k and SPR-KKR as well as Curie temperatures calculated using mean field theory and UppASD Monte
Carlo for L10 binary alloys FeNi, CoNi, MnAl and MnGa.
η 0% 5% 10%
FeNi
EkkrMAE (µeV/f.u.) 110.3 102.0 89.5
TMCC (K) 916 880 860
CoNi
EkkrMAE (µeV/f.u.) 184.7 170.3 145.2
TMCC (K) 1130 940 935
Table II: MAE and TC for FeNi and CoNi with
substitutional disorder described by η.
in Co1.2Ni0.8, the MAE was reduced to 141 µeV/f.u..
Also the TC was reduced to 840 K and 1020 K in
Fe1.2Ni0.8 and Co1.2Ni0.8 respectively. This can be un-
derstood from the exchange coupling parameters where
there is a slight reduction in the strong positive parame-
ters as one adds excess Fe or Co (not shown).
For stoichiometric and perfectly ordered MnAl, the
Monte Carlo simulations show that an antiferromagnetic
ordering is prefered over a ferromagnetic order. Com-
peting antiferromagnetic exchange interactions can some-
times infer complex non-collinear ground states, but for
MnAl, no such tendency was found from the Monte Carlo
simulations. The preference of antiferromagnetism in
MnAl can be qualitatively understood if one looks at
the exchange interactions as a function of the distance
between atoms. Fig. 4a shows that the Mn-Mn inter-
actions have quite strong antiferromagnetic interactions.
When introducing Mn also in the second sublattice, one
can observe reduction of the antiferromagnetic coupling
between Mn atoms in the first sublattice while there is
a strong antiferromagnetic coupling between Mn atoms
in different sublattices, as seen in Fig. 4b. This stabi-
lizes a ferrimagnetic state with Mn atoms in different
sublattices having moments in opposite directions, giv-
ing a total magnetic moment reduced to 1.98µB/f.u., but
a considerable critical temperature of TC = 670 K in
Mn1.14Al0.86. Experimentally it has also been reported
that increased Mn content can cause increased TC to, for
example, TC = 655 K for Mn1.08Al0.92
34.
In MnGa only a weak ferromagnetism with very low TC
around 80 K was found. Similar behaviour as for MnAl
is observed in the Jij of MnGa, as shown in Fig. 4c-4d.
Again, increased Mn content yields a higher TC and anti-
ferromagnetic coupling between the Mn sublattices yields
a reduced total moment. We find, for Mn1.20Ga0.80,
TC = 690 K and the saturation magnetization reduced
by almost 30% to MS = 0.66 MA/m. Experimentally
it has been reported that pure 1:1 stoichiometric MnGa
is not stable, while with 55-60 at.% Mn it is, and in
this range TC increases and MS decreases with increas-
ing Mn content35, which is consistent with our calcu-
lations of substitutional disorder. Mn1.18Ga0.82 has ex-
perimentally been reported to show TC = 646 K and
MS = 0.39 MA/m at room temperature
35. At lower Mn
content, with around 10-12% excess Mn, we find more
complicated magnetic structures from MC at low tem-
peratures which yields a total moment lowered by about
a factor half. Such drastic decreases of moment have also
been reported experimentally, although for a bit higher
Mn content36. The MAE of Mn1.20Ga0.80 is, according
to SPR-KKR calculations, as large as 429 µeV/f.u.
Fig. 5 shows spin-polarized density of states (DOS)
around the Fermi energy, calculated in WIEN2k, for the
studied stoichiometric compounds. All the plots display
a behaviour with clear exchange splitting as expected for
ferromagnetic metals and are also in accordance with pre-
ceding results for those cases which have been previously
studied5,12,15, i.e. FeNi, MnAl and MnGa. The DOS for
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Figure 4: Atomic distance dependence of exchange
parameters Jij .
Ni is seen to be very similar in FeNi and CoNi, although,
a small peak just below −1 eV in the spin down DOS of
Ni in FeNi, not present in CoNi, explains a slightly re-
duced moment of the Ni atom in FeNi compared to that
in CoNi. The DOS of MnAl and MnGa are very simi-
lar with a pronounced ferromagnetic exchange splitting
of just over 2 eV on the Mn atom while Ga and Al ex-
hibit very flat DOS around EF. One then expects overall
similar magnetic properties of the two compounds but at
the same time MnGa shows a considerably larger MAE,
which is likely due to stronger spin-orbit interaction in-
duced by the Ga atom relative to Al37. Another possible
reason for increased MAE in MnGa, relative to MnAl,
is increased c
a
which might allow for better localization
of d-orbitals along the z-axis, but this is not likely the
cause as there is not a significant difference in the occu-
pation of d-orbitals in the two compounds. No significant
qualitative changes occur in the DOS when introducing
disorder or off stoichiometric compositions.
In conclusion, the magnetic properties of L10 binary
alloys FeNi, CoNi, MnAl and MnGa have been inves-
tigated, systematically and comprehensively, using two
different DFT methods. Furthermore, the Curie temper-
atures have been studied in order to have a complete pic-
ture of the three properties Ms, MAE and TC which are
important in permanent magnet applications. Three of
the studied compounds, namely CoNi, MnAl and MnGa,
exhibit MAE in the order of 1 MJ/m3 or higher, which
is impressive for rare-earth and platinum free materials.
Furthermore, all the compounds show Curie tempera-
tures in the order of 600 K or higher, allowing them to
be used in permanent magnet applications above room
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Figure 5: Spin polarized density of states.
temperature, although we have shown that for Mn-based
compounds it is of importance to increase the Mn-content
in order to obtain high Curie temperatures. We have also
explained the experimentally observed effect of reduced
moment in Mn rich compounds due to antiferromagnetic
coupling between Mn atoms in the two sublattices. In
addition, we have shown that, for FeNi and CoNi, it is
of great importance to obtain a high degree of chemical
ordering as both MAE and TC are reduced by substitu-
tional disorder.
We thank Olle Eriksson for discussions and feedback.
We acknowledge support from EU-project REFREEP-
ERMAG, eSSENCE and Swedish Research Council
(VR). Swedish National Infrastructure for Computing
(SNIC) and NSC Matter are acknowledged for provid-
ing computational resources.
1 Y. Kota and A. Sakuma, Journal of the Physical Society
of Japan 81, 1 (2012).
2 J. B. Staunton, S. Ostanin, S. S. A. Razee, B. Gyorffy,
5L. Szunyogh, B. Ginatempo, and E. Bruno, Journal of
Physics: Condensed Matter 16, S5623 (2004).
3 P. Ravindran, A. Kjekshus, H. Fjellvåg, P. James, L. Nord-
ström, B. Johansson, and O. Eriksson, Phys. Rev. B 63,
144409 (2001).
4 S. Okamoto, N. Kikuchi, O. Kitakami, T. Miyazaki, Y. Shi-
mada, and K. Fukamichi, Phys. Rev. B 66, 024413 (2002).
5 Y. Miura, S. Ozaki, Y. Kuwahara, M. Tsujikawa, K. Abe,
and M. Shirai, Journal of physics. Condensed matter : an
Institute of Physics journal 25, 106005 (2013), ISSN 1361-
648X.
6 T. Kojima, M. Mizuguchi, and K. Takanashi, in Journal
of Physics: Conference Series (2011), vol. 266, p. 012119,
ISSN 1742-6596.
7 L. Néel, J. Pauleve, R. Pauthenet, J. Laugier, and
D. Dautreppe, Journal of Applied Physics 35, 873 (1964),
ISSN 00218979.
8 T. Kojima, M. Mizuguchi, T. Koganezawa, K. Osaka,
M. Kotsugi, and K. Takanashi, Japanese Journal of Ap-
plied Physics 51, 010204 (2012), ISSN 0021-4922.
9 M. Kotsugi, M. Mizuguchi, S. Sekiya, M. Mizumaki, T. Ko-
jima, T. Nakamura, H. Osawa, K. Kodama, T. Ohtsuki,
T. Ohkochi, et al., Journal of Magnetism and Magnetic
Materials 326, 235 (2013), ISSN 03048853.
10 S. Fukami, H. Sato, M. Yamanouchi, S. Ikeda, and
H. Ohno, Applied Physics Express 6, 073010 (2013), ISSN
1882-0778.
11 A. J. J. Koch, P. Hokkeling, M. G. v. d. Steeg, and K. J.
de Vos, Journal of Applied Physics 31, S75 (1960), ISSN
00218979.
12 J. H. Park, Y. K. Hong, S. Bae, J. J. Lee, J. Jalli, G. S.
Abo, N. Neveu, S. G. Kim, C. J. Choi, and J. G. Lee,
Journal of Applied Physics 107, 09A731 (2010), ISSN
00218979.
13 S. H. Nie, L. J. Zhu, J. Lu, D. Pan, H. L. Wang, X. Z. Yu,
J. X. Xiao, and J. H. Zhao, Applied Physics Letters 102,
152405 (2013), ISSN 00036951.
14 J. M. D. Coey, Journal of physics. Condensed matter : an
Institute of Physics journal 26, 064211 (2014), ISSN 1361-
648X.
15 A. Sakuma, Journal of Magnetism and Magnetic Materials
187, 105 (1998), ISSN 03048853.
16 P. Blaha, G. Madsen, K. Schwarz, D. Kvasnicka, and
J. Luitz, WIEN2k, An Augmented Plane Wave + Local Or-
bitals Program for Calculating Crystal Properties (2001).
17 H. Ebert, The munich spr-kkr package, version 6.3, URL
http://ebert.cup.uni-muenchen.de/SPRKKR.
18 H. Ebert, D. Ködderitzsch, and J. Minár, Reports on
Progress in Physics 74, 096501 (2011), ISSN 0034-4885.
19 J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev.
Lett. 77, 3865 (1996).
20 B. Skubic, J. Hellsvik, L. Nordström, and O. Eriksson,
Journal of Physics: Condensed Matter 20, 315203 (2008),
ISSN 0953-8984.
21 A. I. Liechtenstein, M. I. Katsnelson, and V. A. Gubanov,
Journal of Physics F: Metal Physics 14 (1984).
22 A. I. Liechtenstein, M. I. Katsnelson, V. P. Antropov, and
V. A. Gubanov, Journal of Magnetism and Magnetic Ma-
terials 54-57, 965 (1986).
23 J. B. Staunton, L. Szunyogh, A. Buruzs, B. L. Gyorffy,
S. Ostanin, and L. Udvardi, Physical Review B 74, 144411
(2006), ISSN 1098-0121.
24 P. E. Blöchl, O. Jepsen, and O. K. Andersen, Phys. Rev.
B 49, 16223 (1994).
25 K. Schwarz, P. Blaha, and G. Madsen, Computer Physics
Communications 147, 71 (2002), ISSN 00104655.
26 D. D. Koelling and H. N. Harmon, Journal of Physics C:
Solid State Physics 10 (1977).
27 A.B. Shick, V. Janiš, and P.M. Oppeneer, Physical Review
Letters 94, 016401 (2005), ISSN 0031-9007.
28 R. Wu and A. Freeman, Journal of Magnetism and Mag-
netic Materials 200, 498 (1999), ISSN 03048853.
29 M. Mizuguchi, T. Kojima, M. Kotsugi, T. Koganezawa,
K. Osaka, and K. Takanashi, Journal of the Magnetics
Society of Japan 35, 370 (2011).
30 D. P. Landau and K. Binder, A Gudie to Monte Carlo
Simulations in Statistical Physics (Cambridge University
Press, Cambridge, 2000).
31 L. H. Lewis, a. Mubarok, E. Poirier, N. Bordeaux, P. Man-
chanda, a. Kashyap, R. Skomski, J. Goldstein, F. E.
Pinkerton, R. K. Mishra, et al., Journal of physics. Con-
densed matter : an Institute of Physics journal 26, 064213
(2014), ISSN 1361-648X.
32 P. Soven, Physical Review 156 (1967).
33 T. Kojima, M. Ogiwara, M. Mizuguchi, M. Kotsugi, T. Ko-
ganezawa, T. Ohtsuki, T.-Y. Tashiro, and K. Takanashi,
Journal of physics. Condensed matter 26, 064207 (2014),
ISSN 1361-648X.
34 Q. Zeng, I. Baker, J. Cui, and Z. Yan, Journal of Mag-
netism and Magnetic Materials 308, 214 (2007), ISSN
03048853.
35 M. Tanaka, J. P. Harbison, J. DeBoeck, T. Sands,
B. Philips, T. L. Cheeks, and V. G. Keramidas, Applied
Physics Letters 62, 1565 (1993), ISSN 00036951.
36 E. Lu, D. C. Ingram, A. R. Smith, J. W. Knepper, and
F. Y. Yang, Physical Review Letters 97, 146101 (2006),
ISSN 0031-9007.
37 C. Andersson, B. Sanyal, O. Eriksson, L. Nordström,
O. Karis, D. Arvanitis, T. Konishi, E. Holub-Krappe, and
J.H. Dunn, Physical Review Letters 99, 177207 (2007),
ISSN 0031-9007.
